We sought to define risk factors predisposing breast cancer and lymphoma patients to cardiac and pulmonary toxicity when undergoing high-dose chemotherapy (HDC) and autologous stem cell rescue (ASCR). Additionally, we evaluated in depth the predictive value of the ejection fraction measured prior to HDC in determining cardiac toxicity. In this retrospective analysis, 24 variables were examined in 138 patients undergoing HDC and ASCR from 1990 until 1995. Logistic regression models were used to model the probability of experiencing cardiac and pulmonary toxicity as a function of the 24 prognostic covariates. Cardiac toxicity occurred in 12% of patients and pulmonary toxicity in 24% of patients. Bivariate analyses showed that patients with lymphoma (as opposed to breast cancer) and those with a higher cardiac risk factor score were more likely to experience cardiac toxicity. Multivariate logistic regression models predicted lymphoma and older age to be risk factors for cardiac toxicity. History of an abnormal ejection fraction and higher doses of anthracyclines prior to HDC may also contribute to cardiac toxicity. Pulmonary toxicity occurred more commonly in lymphoma than breast cancer patients, likely due to the busulfan used in the HDC regimen. No other risk factors for pulmonary toxicity were identified. We conclude that older patients with lymphoma should be carefully evaluated prior to being accepted for HDC programs. Older patients with breast cancer may tolerate this procedure well. There is a trend towards cardiac toxicity in patients with a past history of low ejection fraction, although seemingly poor cardiac risk patients may fare well with HDC if carefully selected with the aid of a thorough cardiac evaluation. Bone Marrow Transplantation (2000) 25, 885-894.
including breast cancer, 1,2 lymphoma, 3 leukemia, 4 and germ cell tumors. 5 Improvements in conditioning regimens and advances in post-transplant supportive care have helped to decrease the toxicities and cost of this procedure. Unfortunately, non-hematologic toxicities including cardiac and pulmonary toxicity remain a problem. The risk factors for the development of these toxicities, however, are not clear. An understanding of these risk factors may help in the selection of appropriate patients for these procedures.
Drug-related cardiac toxicity in patients treated with high-dose chemotherapy has been well described. Cardiac toxicity due to cyclophosphamide was initially described as a complication of bone marrow transplantation by Santos et al 6 and subsequently by others. [7] [8] [9] Several other chemotherapy drugs used in high-dose chemotherapy can be cardiotoxic. These include the anthracyclines, [10] [11] [12] [13] and ifosfamide. 14, 15 Other chemotherapy drugs given at nontransplant doses such as 5-fluorouracil, 16, 17 paclitaxel, 18, 19 vincristine, 20 and mitomycin C 21 may induce cardiac toxicity. In addition to direct drug-related effects, other risk factors have been described for cardiac toxicity in patients who receive chemotherapy. Radiation therapy to the chest wall may directly cause cardiac toxicity or augment the effects of chemotherapy. [22] [23] [24] Potentially cardiotoxic effects of the transplant itself, 25 and the use of the preservative dimethyl sulfoxide (DMSO) 26 have also been reported. Risk factors other than these are less clear. Nonetheless, patients may be excluded from high-dose chemotherapy on the basis of suspected predisposing factors such as EKG abnormalities, or low pre-transplant ejection fraction.
Several previously published studies have aimed at identifying predictive factors which could lead to the development of cardiac toxicity. In one, it was found that there was no correlation between cardiac toxicity and the results of a cardiologic evaluation before bone marrow transplantation. 27 In another, a trend was found toward the development of cardiac toxicity in patients with a pretreatment ejection fraction of less than 50%. 28 These findings underscore the need for further study.
Pulmonary toxicity resulting from bone marrow transplantation has also been well documented. Carmustine (BCNU), busulfan and other drugs may cause pulmonary toxicity, and pulmonary infections are common. [29] [30] [31] [32] [33] In patients undergoing allogeneic transplantation, rates of pulmonary toxicity as high as 40-60% have been described. 31, 32 Although less common, pulmonary toxicity is still significant in patients receiving autologous bone marrow or stem cell transplants. 34 The factors which predict pulmonary toxicity have been more thoroughly studied than those predicting cardiac toxicity. These published predictive factors, however, are not consistent. For example, one report noted that no pretreatment factors were associated with an increased risk for the development of pulmonary toxicity. 35 Other studies have implicated factors such as pre-transplant restrictive lung disease, as measured by TLC Ͻ80% of predicted, and a DLCO Ͻ75% of predicted, 36 previous chest radiation, 34 and abnormal pre-treatment pulmonary function tests. 37 Each of these factors has been reported elsewhere to have no significant predictive value for the development of pulmonary toxicity during bone marrow transplantation. [38] [39] [40] As a result of the lack of clearly defined predictive variables, patients may unwisely receive high risk therapy, or alternatively may be excluded from a potentially life-saving procedure based on unproven judgement or dogma. We sought to better define these risk factors. We retrospectively reviewed the records of 138 patients who underwent autologous bone marrow transplantation from November 1990 to May 1995. Twenty-four relevant variables were chosen and analyzed for their predictive value in determining subsequent toxicity to the heart or lungs.
Patients and methods

Patients
Beginning in November 1990, all patients treated at our institution (and our affiliate Louis A Weiss Memorial Hospital) with HDC and ASCR for breast cancer and lymphoma were prospectively entered into a comprehensive data base. Patients treated on co-operative group studies and pharmaceutical company sponsored studies were not included in this database. From October 1990 until May 1995, data on 140 patients on three consecutive advanced breast cancer protocols and two lymphoma protocols were entered into the data base. All protocols were approved by the respective institutional review boards and informed consent was obtained from patients prior to treatment. Toxicity data were unavailable in two patients. Data were therefore available on 138 patients. The five high-dose chemotherapy regimens are described in Table 1 . These regimens were used sequentially for lymphoma (protocols 6121, 5846) and metastatic breast cancer (protocols 5736, 7198, 6866). Notably, the regimens used were heterogeneous, although all breast cancer regimens used the same cyclophosphamide and thiotepa dose, and paclitaxel was added in one of three. One lymphoma regimen included busulfan, compared to none of the three breast cancer regimens.
Routine pretransplant organ evaluation
All patients had routine pretransplant testing performed. This included complete blood count (CBC) with differential and platelet count, chemistries, to include BUN and creatinine, and liver function tests (bilirubin, alkaline phosphatase, SGOT, SGPT, GGT) and serologies for HIV, hepatitis B and C (when available), HSV and CMV. Pulmonary function was evaluated with pulmonary function testing including spirometry, lung volumes, and diffusing capacity. Cardiac function was routinely evaluated with a first pass RNA or MUGA test, as below. In all cases additional data were obtained from history, physical examination, and X-rays done for other purposes. Patients with inadequate organ function, as defined below, were ineligible for transplant. Minor variations in these criteria existed between protocols: Serum creatinine Ͼ2.0 mg/dl, creatinine clearance Ͻ50 ml/min, FEV Ͻ1 L or FVC or FEV Ͻ65% predicted, DLCO Ͻ50% predicted, SGOT, SGPT, or alkaline phosphatase Ͼ2 × normal, or bilirubin Ͼ3.0 mg/dl.
Cardiology evaluation
Patients felt to be at high risk for cardiac toxicity from HDC were evaluated by one cardiologist (JAS), who also provided in-hospital follow-up. Indications for referral included low ejection fraction, abnormal EKG, or history of cardiac disease. Cardiology evaluation included a history and physical, EKG, first pass RNA or MUGA scan at rest and with exercise (when myocardial dysfunction was the issue for cardiology evaluation), and when necessary, an echocardiogram. A total of 19 patients were referred for cardiac evaluation, of whom 11 underwent HDC. The remaining eight patients will be described.
Prognostic variables
A total of 24 variables were rationally chosen for cardiac toxicity analysis (21 pre-transplant and three transplantrelated variables). Sixteen variables were analyzed for pulmonary toxicity (Table 2 ). Data were obtained from our transplant patient database and augmented by chart review for some variables not included in the database. For each variable, data were available on most patients (Table 2) . Data for smoking history and cardiac risk score ('Score' described below) were available in 124 and 110 patients, respectively.
The criteria used to categorize each variables are as follows: EKG readings were coded as normal, abnormal, or markedly abnormal. Abnormal finding (23 patients) included left ventricular hypertrophy (LVH), abnormal intervals, two or more PVCs or PACs on a standard 12 lead EKG, left axis deviation у −30°(LAD), non-specific Twave abnormalities, low voltage, or poor R-wave progression (PRWP). Criteria for markedly abnormal EKGs (four patients) were bundle branch block, evidence of myocardial infarction, or other arrhythmia. Because of the small number of patients meeting criteria for 'markedly abnormal', markedly abnormal patients were combined with abnormal patients.
Definition of previous cardiac disease included pericardial effusion, thickening, or other pericardial disease, valvular disease, coronary artery disease (CAD), arrhythmia, or myocardial disease. Excluded were minor abnormalities such as mitral valve prolapse, sinus tachycardia, and functional murmurs. Congestive heart failure (CHF) based on a low EF without clinical signs or symptoms was not included in this variable but was included as a separate category (see LEF, PEF, any EF below). No patients with clinical congestive heart failure underwent HDC or referral 887 Table 1 Conditioning regimens (HDC) and incidence of toxicity by regimen Protocol 6121 and 5846 were lymphoma studies. Protocols 5736, 7198 and 6866 were breast cancer studies. Bu = busulfan; Cy = cyclophosphamide; Ara-c = cytosine arabinoside; VP-16 = etoposide; Tt = thiotepa.
Table 2
Sample distribution of predictor variables for cardiology consultation. Pre-existing cardiac disease existed only in five patients, all with pericardial disease. We defined previous pulmonary disease to include prior pulmonary embolus (PE) or infarction, obstructive ventiBone Marrow Transplantation latory defects, restrictive lung disease, significant parenchymal scarring, previous pneumothorax, prior drug toxicities, and other parenchymal and airways disease. Excluded were pleural effusions, pneumonia and metastatic lung nodules.
Cardiac risk score was calculated based on the Framingham Heart Study -coronary heart disease (CHD) risk prediction worksheet (see Appendix 1). The Framingham model takes into account age, sex, HDL cholesterol, total cholesterol, systolic blood pressure, smoking history, diabetes and EKG evidence of LVH. The score derived from an adaptation of this model was used as the 'score' variable. Because cholesterol levels in previously treated cancer patients may be inaccurate for a variety of reasons, [41] [42] [43] we used family history of CAD as a surrogate for cholesterol levels. This was defined as having one or both parents with, or having died from, CAD and was given a score of two points. Also, patients with less than a 10 pack year smoking history received no points. Those with any one of the variables missing did not receive a score. As a result, score was assigned to 110 of 138 patients.
Chest radiation was initially subdivided into RT to the right chest, left chest, bilateral chest, or mediastinum (excluding RT to the spine). Because there were too few occurrences of toxicity in any one category, these were subsequently combined into one variable (any history of chest radiation) to provide greater power to this variable.
Mobilization with cyclophosphamide variable distinguished patients who received cyclophosphamide (4 g/m 2 ) in addition to G-CSF for stem cell mobilization. Ejection fraction information included the lowest recorded EF (LEF) at any time prior to HDC, and the EF measured prior to treatment (PEF). EEF was the exercise ejection fraction measured in nine treated patients and described later (EEF obtained routinely in patients referred for cardiology evaluation due to suspected or measured myocardial dysfunction). An additional category, any EF, was coded for patients with any of LEF, EEF or PEF less than 50%. All measures of ejection fraction were performed with first pass RNA or MUGA scan.
Pack years of smoking was calculated from the average number of packs of cigarettes smoked per day multiplied by years of smoking (for example, an individual who smoked an average of one and a half packs of cigarettes daily for 20 years would have a 30 pack year history of smoking). A separate dichotomous variable, smoker accounted for patients with any history of cigarette smoking.
Total doses of doxorubicin (total doxorubicin), and cyclophosphamide (total cyclophosphamide) (in mg/m 2 ) were taken from patient records. When exact drug dosages were not known, standard values for each drug were used for the specific regimens that the patient was known to have received. The dose of cyclophosphamide used for mobilization was included in total cyclophosphamide dose. Drug doses received during transplant were not included, as all patients received high-dose cyclophosphamide, all breast cancer patients additionally received high-dose thiotepa. Prior bleomycin usage was recorded as yes or no.
Disease (lymphoma vs breast), history of hypertension, history of lung metastases, pre-treatment performance status (PS), gender, age at transplant, DLCO (carbon monoxide diffusing capacity), FEV 1 (forced expiratory volume in 1 s), volume of reinfusion and number of chemo regimens (prior to mobilization) were taken from the data base or patient charts.
Toxicity criteria
The toxicity grading criteria used to evaluate toxicity were standard at the University of Chicago during the early 1990s, and had been proposed to be universally accepted ABMT criteria. These are shown in Table 3 . For the purpose of this analysis, all toxicities were considered together regardless of grade.
Statistical methods
Logistic regression models 44 were used to model separately the probabilities of experiencing both cardiac and pulmonary toxicity as a function of various prognostic covariates. For each toxicity type, a model was fit including those covariates judged to be the most relevant clinically (those uniformly reviewed by oncologists prior to accepting a patient for HDC) and any other with P Ͻ 0.15 (P = 0.15 chosen to include 'statistically significant' variables and those which might become significant when controlling for other variables). These models were fit both with and without the covariates pack years and score, since data on these variables were missing in 14 and 28 cases, respectively. In addition, for each of the two types of toxicity, models were fit for all possible subsets of covariates. These models were then compared using the Akaike Information Criterion (AIC) in order to determine the 'best' prognostic model based on the data. 45 All effects are reported in terms of odds ratios together with approximate 95% confidence intervals (based on the standard normal approximation to the distribution of the parameter estimate, then transformed to the odds scale by exponentiating). For each of the continuous variables, smoothed plots of the partial residuals were examined to check for possible non-linearities in the effects of these variables.
Results
Distribution of variables
Univariate distributions of each of the covariates are described in Table 2 . Slightly more than two-thirds of patients had breast cancer, and all of these were women. Cyclophosphamide was given as a component of mobilization chemotherapy in 53%. Smokers accounted for 41% of patients. All other dichotomous risk factors were present in a minority, ie 25% or less. Data for all of the covariates were present in at least 96% of patients with the exception of pack years (and smoker) with data on 124/138 (90%) and risk factor score (score) with data on 110/138 (80%). These two variables with missing data are therefore treated separately below. Table 4 shows the incidence of both cardiac and pulmonary toxicity by disease type. Cardiac toxicity was experienced by 17 patients (12%) while 33 patients (24%) experienced pulmonary toxicity. Both types of toxicity occurred more frequently in lymphoma patients. Note all toxicities were grouped together for the purpose of analysis. Note that all six total cardiac toxicities occurred in patients with fatal pulmonary toxicity. ADL = activities of daily living. Toxicities were 'ordered'; that is 14/17 patients with cardiac toxicity also had pulmonary toxicity.
Toxicity
that these toxicities are roughly ordered; that is 14/17 patients (82%) experiencing cardiac toxicity also experienced pulmonary toxicity. Table 3 shows the breakdown of toxicity by ABMT criteria. Six patients with fatal (grade 4) cardiac toxicity also had fatal pulmonary toxicity. In four cases, congestive heart failure with objective moderate or severe decrease in cardiac output (on echocardiogram or right heart catheterization) was felt to be attributable to chemotherapy, specifically high-dose cyclophosphamide. Pulmonary toxicity in these four patients included hypoxia with suspected pulmonary hypertension, ARDS in the absence of sepsis in two, and capillary leak felt attributable to cytosine arabinoside in the other. A fifth patient had cardiac arrest with electromechanical dissociation just after stem cell reinfusion and had diffuse pulmonary infiltrates without pneumonia. The sixth patient had hypotension and
Bone Marrow Transplantation capillary leak of unclear etiology and later developed pulmonary aspergillosis. In five cases, suspected or proven sepsis followed initial manifestations of cardiac and pulmonary toxicity and dysfunction, and in one case sepsis neither occurred nor was suspected. An additional two patients suffered fatal pulmonary toxicity. These deaths were due to ARDS without sepsis in one, and septic pulmonary emboli along with pulmonary Hodgkin's disease in the other. Table 2 shows the bivariate relationship between each of the covariates and the probability (odds ratio) of toxicity. Significant variables for the development of toxicity (95% confidence interval not crossing unity) included disease type (lymphoma) and score (high) for cardiac and cyclophosphamide for mobilization (absence of) for pulmonary toxicity.
Bivariate analysis
Logistic regression models
Cardiac toxicity: Table 5 shows the results of multivariate models predicting the odds of cardiac toxicity. Logistic regression models were generated using bivariates significant at P р 0.15. Model I includes all variables indentified in the bivariate analyses. EKG and PEF were added, although not significant separately, since abnormalities in these variables might trigger a cardiology consult or disqualification from a transplant protocol. In model I ( Table 2 vanished when controlling for other variables. When all subset models (excluding score) were considered (data not shown), the model including disease (lymphoma), age (older) and chest radiation (none) had the smallest value of AIC. Since the P value for chest irradiation was large (P = 0.17) and the estimated effect was in the 'wrong' direction, our best model includes only Table 5 Multivariate logistic regression models predicting occurrence of cardiac and pulmonary toxicity (estimated odds ratios and corresponding 95% confidence intervals)
Covariate
Model I Model II Odds ratio (95% CI)
Odds disease type and age. Table 6 shows the predicted probabilities of cardiac toxicity generated by this reduced model.
Pulmonary toxicity:
The bottom panel of Table 5 shows models predicting the likelihood of pulmonary toxicity both with and without the variable pack years. Model I includes 127/138 patients and 31/33 episodes of toxicity and model II includes 113/138 patients and 25/33 episodes of toxicity. Logistic regression models were generated here using covariates significant at P Ͻ 0.15 level (cyclophosphamide for mobilization, pack years) and significant variables from model I for cardiac toxicity (disease type, age), described above. Previous pulmonary disease, history of bleomycin, FEVI and DLCO were added since these were felt to be strong potential risk factors for pulmonary toxicity and abnormalities in these variables might exclude patients from HDC. Model I, without pack years, shows disease (lymphoma) and cyclophosphamide for mobilization (lack of) as the only significant variables. In model II, adding pack years to model I (which eliminated 14 patients with missing data) changed the model only minimally. Disease type remained near significant (lymphoma), FEVI became nearly significant, and pack years and cyclophosphamide for mobilization became insignificant. Thus, the seemingly paradoxical effect of cyclophosphamide mobilization being protective for pulmonary toxicity was probably related to the serendipitous relationship between smoking history and not receiving cyclophosphamide (smoking history did not preclude mobilization with cyclophosphamide). Models were also fitted using all possible subsets of the covariates in model I. The model with disease type, age, and cyclophosphamide for mobilization had the lowest value of AIC. The effect of age was only minimally significant and cyclophosphamide for mobilization was both minimally significant and mechanistically unlikely. Therefore disease type remained the primary independent risk factor, and we did not generate predicted probabilities of toxicity from this model. Since the unique pulmonary toxicity in lymphoma patients is likely due to busulfan, received by 36 of 43 (84%) lymphoma patients, we concluded that no factor, other than the known pulmonary toxin busulfan, predicted accurately the occurrence of pulmonary toxicity.
Role of the HDC regimen
Patients were treated on five different chemotherapy regimens ( Table 1 ). The individual protocols were not considered as covariate predictors due to low patient numbers on three of the protocols. The three breast cancer protocols, all containing at least cyclophosphamide and thiotepa, were condensed and compared with the two lymphoma protocols. The toxicities by protocol number are shown in Table  1 . The multivariate models were repeated (data not shown) substituting protocol number for disease type. The results were not substantially different than those presented here (that is, substitution of conditioning regimen for disease type did not change the results).
Relationship of PEF, EF Ͻ50 and cardiac toxicity
The models in Table 5 for cardiac toxicity suggest a clear trend towards increasing toxicity with EF Ͻ50 while at the same time estimating a positive relationship between increasing PEF and risk. This seems counterintuitive, and Table 7 displays these data. The greatest risk for toxicity Table 7 Relationship between any EF and PEF and cardiac toxicity PEF = previous ejection fraction.
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was not in the group with both PEF Ͻ50 and EF Ͻ50 (11% risk), but in the group with PEF у50 and any EF Ͻ50 (33% risk). Review of the 15 patients in this latter group revealed none for whom the increase in EF could be attributed to specific medical management such as diuretics, afterload reduction, or inotropes. Possible explanations are discussed below.
Isolated cardiac toxicity
Fourteen of 17 patients had pulmonary complications along with cardiac. We analyzed the other three to see if there were any factors isolated to cardiac toxicity. 
Role of cardiology referral
A total of 19 eligible patients for these protocols were referred for a cardiologist's opinion prior to HDC. Six patients were recommended to not undergo HDC for the following reasons: (5) poor left ventricular response to exercise (low EEF) (25%, 27%, 30%, 31%, 33%); (1) anterior wall motion abnormality (AWMA) on exercise MUGA test. Of these six patients, two underwent HDC off protocol, after informed consent of the risk, due to lack of other options. One had a resting EF of 49%, but EEF of 31%. The other had a resting EF of 38%, EEF of 40%, but an AWMA on exercise. Cardiac and pulmonary toxicity were experienced in zero and one patient, respectively. A total of 13 patients were 'cleared' for HDC, of whom nine underwent HDC and four did not, for a variety of reasons. In the five patients 'cleared' for HDC who were treated on protocol, cardiac and pulmonary toxicity occurred in one and two patients, respectively. The other four patients were treated off protocol using the same drug regimens and none experienced cardiac or pulmonary toxicity. These six total patients treated off protocol are not, therefore, represented in the regression analysis. Toxicities and correlation to LEF, EEF, and PEF can be seen in Table 8 .
Discussion
We analyzed 138 consecutive cases of patients undergoing HDC with ASCR for lymphoma or breast cancer to determine factors that may predict risk for cardiac or pulmonary toxicity. We found that older age and lymphoma (vs breast cancer) were independent risk factors for the development of cardiac toxicity. We found no predictors of pulmonary The five patients treated 'on protocol' are included in the logistic regression analyses. The six patients treated 'off protocol' were treated outside of a research protocol and thus are not part of the 138 patient database and are not included in the logistic regression analyses.
toxicity other than lymphoma (vs breast cancer), likely due to exposure to busulfan, a known pulmonary toxin.
As with any study examining multiple potential predictive factors, our study may have been both underpowered to detect important true associations and may have happened upon 'significant' associations by chance. The latter was well exemplified by the apparently protective effect of the addition of cyclophosphamide to G-CSF for mobilization. The lack of power is reflected in the width of many of the confidence intervals. In addition, the applicability of these data may be limited since it may be relevant only to the pre-operative regimens used in this cohort of patients.
One of our primary objectives was to understand the role of the ejection fraction in determining risk for cardiac toxicity. We therefore examined three different ejection fraction parameters (LEF, PEF, any EF) and reviewed the correlation of exercise ejection fraction (EEF) with toxicity. We found that LEF had no correlation as a univariate, any EF appeared to predict cardiac toxicity, and that paradoxically, PEF trended in the 'wrong' direction. This dichotomy can be interpreted in several ways. One explanation is that ejection fraction has no effect on cardiac toxicity, at least amongst patients referred for HDC and not rejected prior to cardiology consultation. Selection bias may be an alternative explanation. Table 7 shows that patients with the greatest risk of cardiac toxicity have a history (any EF) of low EF but a high EF prior to HDC (PEF). These patients may have suboptimal myocardial function but escape the scrutiny given those patients with PEF Ͻ50. An additional explanation, not supported by our data, is that specific intervention with medication such as ACE inhibitors may increase the PEF but still leave patients vulnerable to cardiac toxicity. Finally, most of the patients with PEF Ͼ50% who experienced cardiac toxicity had an EF very near 50% which may, in those individuals, have represented a change from a higher baseline ejection fraction and therefore be indicative of previous myocardial damage. Regardless of the explanation, one can conclude that selected patients with a history of low ejection fraction, while at somewhat higher risk, can be safely treated with HDC if scrutinized by the medical oncologist and referred for a comprehensive assessment of cardiac health by a cardiologist. Based on the finding noted in Table 7 , patients with a normal EF prior to HDC but a history of low EF appear to be at increased risk for cardiac toxicity and should be referred for cardiac evaluation. Moreover, those with PEF Ͻ50 may well have a good outcome and should not be uniformly excluded from HDC.
Lymphoma emerged from these data as the disease type most likely to be associated with both pulmonary and cardiac toxicity. This occurred despite controlling for differences in age, ejection fraction, chest irradiation, pulmonary function, performance status, and smoking history. The relationship to pulmonary toxicity is most likely due to busulfan, administered to 36 of 43 lymphoma patients. No clear explanation exists for cardiac toxicity, although lymphoma patients are probably more susceptible to infection, and may be more susceptible to immune-mediated enhancement of organ toxicity. Thus, an insult which might not manifest as toxicity in a breast cancer patient may manifest itself in a lymphoma patient. Although busulfan is not commonly cardiotoxic, it is possible that busulfan-related pulmonary toxicity predisposed patients to manifest cardiac toxicity (patients with pulmonary toxicity were more likely to experience cardiac toxicity).
Total dose of doxorubicin was not a contributory factor as a continuous variable in our model. It is noteworthy, however, that only 6/138 patients (4%) experienced grade 4 cardiac toxicity and that two of these occurred in the eight patients who had previously received Ͼ450 mg/m 2 of doxorubicin.
Our findings differ somewhat from that found by other investigators. Hertenstein et al 27 found no correlation between the development of major cardiac toxicity and the findings of a pre-transplant cardiac evaluation, including history, physical examination, rest and exercise EKG, chest X-ray, two-dimensional echocardiography and radionucleotide ventriculography. Minor cardiotoxic events were more common in patients with a reduced EF. Bearman et al 28 found a trend towards the development of cardiac toxicity in patients with a pretreatment ejection fraction less than 50%. In our study a history of low EF correlated to cardiac toxicity, although the pretransplant EF, taken by itself, did not. In contradistinction to other studies, we found no factor other than busulfan, or alternatively the diagnosis of lymphoma vs breast cancer, to predict for pulmonary toxicity. [34] [35] [36] [37] Several conclusions should be drawn from our study. Older patients with lymphoma may be more susceptible to cardiac toxicity than younger patients and those with breast cancer. Patients with any history of low ejection fraction are probably at increased risk for cardiac toxicity. Patients who have received Ͼ450 mg/m 2 of doxorubicin or high doses of other anthracyclines may be susceptible to cardiac toxicity regardless of ejection fraction. In particular, patients with a normal EF prior to HDC but with a history of low ejection fraction may merit additional cardiac evaluation. Finally, a comprehensive cardiac evaluation including history and physical, EKG, exercise MUGA, and other tests as necessary, may help define candidates with apparently unfavorable risk factors who may have low risk of toxicity with HDC.
Coronary heart disease risk factor prediction worksheets (Score worksheet) (modified from Framingham heart study) Age + Family history + SBP + Smoker + Diabetes + ECG-LVH = point total. a 0 points if <10 pack years.
